The location of phosphate residues involved in specific centers for binding of metal ions in Ml RNA, the catalytic RNA subunit of RNase P from Escherichia coli, was determined by analysis of induction of cleavage of RNA by metal ions. At pH 9.5, Mg2+ catalyzes cleavage of Ml RNA at five principal sites. Under certain conditions, Mn2' and Ca2+ can each replace Mg2+ as the cofactor in the processing of precursor tRNAs by Ml RNA and P RNA, the RNA subunit of RNase P from Bacillus subtils. These cations, as well as various metal ion inhibitors of the catalytic activity of Ml RNA, also promote cleavage of Ml RNA in a specific manner. Certain conditions that affect the catalytic activity ofMl RNA also alter the rate ofmetal ion-induced cleavage at the various sites. From these results and a comparison ofcleavage ofMl RNA with that of a deletion mutant of Ml RNA and of P RNA, we have identified two different centers for binding of metal ions in Ml RNA that are important for the processing of the precursor to tRNATYr from E. coli. There is also a center for the binding of metal ions in the substrate, close to the site of cleavage by Ml RNA.
The RNA subunit of eubacterial RNase P, the enzyme responsible for the processing of the 5' termini of precursor tRNAs, behaves as a true enzyme in vitro with a strict requirement for Mg2" ions for optimal activity (1) (2) (3) (4) . Because metal ions can play a crucial role in the formation and maintenance ofthe structures ofboth the RNA enzyme and its substrate, the requirement for Mg2" ions does not by itself prove its direct involvement in the active-site chemistry (5, 6) . However, it is to be expected that the RNA enzyme possesses a binding site (or sites) for a well-positioned metal ion, at a location appropriate for cleavage of the requisite bond in the RNA substrate (3) . To prove such a hypothesis, at the very least the nucleotide sequences included in the catalytic center and in the sites of specific binding of metal ions, as well as the tertiary structure of the RNA subunit of RNase P, have to be determined.
We report here details of the site-specific cleavage of Ml RNA, the RNA subunit of RNase P from Escherichia coli, and of the precursor to E. coli tRNATYr (pTyr) that is induced by various metal ions. On the basis of these data, we propose the locations of tight-binding centers for Mg2" ions in these molecules. To identify those Mg2+-specific sites of cleavage in Ml RNA that might be functionally significant, we investigated the effects of reaction conditions, including buffer composition, on both intermolecular cleavage of substrates by Ml RNA and specific cleavage induced by metal ions of the RNA enzyme. Mg2"-induced, site-specific cleavage at mildly alkaline pH of tRNAs and potato spindle tuber viroid RNA, as well as the cleavage of tRNA by other metal ions, have been described previously (7) (8) (9) (10) (11) (12) (13) .
MATERIALS AND METHODS
Enzymes and Chemicals. 17 RNA polymerase and restriction endonucleases were purchased from New England Biolabs. SP6 RNA polymerase, DNA polymerase I Klenow fragment, and the ribonuclease inhibitor RNasin from Promega; calf intestine alkaline phosphatase and T4 polynucleotide kinase from Boehringer Mannheim; RNase-free DNase I from Cooper Biomedical; T4 RNA ligase from Pharmacia; reagent kit for DNA sequencing with Sequenase from United States Biochemical; RAV-2 reverse transcriptase and radioactive chemicals from Amersham; and E. coli tRNA from Sigma.
Preparation of RNAs. Ml RNA, its deletion mutant, and pTyr, as well as plasmids containing the gene for the precursor to E. coli tRNAPhe (pPhe) or for H1 RNA, the RNA subunit of RNase P from Homo sapiens, were provided by C. Guerrier-Takada of our laboratory. pDW66, a plasmid encoding P RNA, the RNA subunit of RNase P from Bacillus subtilis, was a gift from N. R. Pace (Indiana University). Plasmids were digested with the appropriate restriction enzyme before transcription with T7 RNA polymerase or SP6 RNA polymerase as described elsewhere (14) . RNA molecules were 32P-labeled at their 3' or 5' termini as described (15) .
Specific Cleavage of RNAs. The standard reaction mixture for both kinds of metal ion-dependent, specific cleavage of RNAs (catalytic processing and "self-cleavage") contained 100 mM NH4Cl, 50 mM buffer (Hepes, pH 7.5, or Ches, pH 9.5), and 10 mM MgCl2, with incubation at 37TC. Additional ingredients in the reaction mixture and changes in conditions, including the nature ofthe buffer and pH, are indicated below in the text and in the legends to figures. Reactions were inactivated by the addition of an equal volume (10 ul) of formamide loading buffer (95% deionized formamide/10 mM EDTA/0.02% xylene cyanol/0.02% bromphenol blue) and analyzed by PAGE in 5-8% sequencing gels.
Mapping of Cleavage Sites in RNAs. Because the length of RNA molecules prepared by transcription in vitro can vary by one or two nucleotides, both 3'-and 5'-end-labeled RNAs were used to compare the extent and location of their cleavage by metal ions. For precise determination of the positions of cleavages, we used primer extension by reverse transcription (14) . The primers, labeled at their 5' termini with 32p, were oligodeoxynucleotides complementary to two different sequences in Ml RNA, namely, nucleotides 220-236 and 356-377, and complementary to nucleotides 74-81 in pTyr.
RESULTS
Cleavage of Ml RNA Catalyzed by Mg2' Ions. pH 9.5 is favorable for both the processing of precursor tRNAs by Ml Abbreviations: pTyr and pPhe, precursors to tRNATYr and tRNAPhe from E. coli, respectively; DMSO, dimethyl sulfoxide.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. conditions under which Ml RNA has no catalytic activity, we did not observe any cleavage of Ml RNA at site I, whereas high salt (>500 mM NH4Cl) inhibits cleavage predominantly at sites III-V (data not shown).
Terminal Groups Produced as a Result of Cleavage of Ml RNA. The nonenzymatic cleavage of phosphodiester bonds in RNA, catalyzed by alkali, acid, or metal ions, produces 5' hydroxyl and 2'-3' cyclic phosphate groups at the sites of cleavage (30) . By contrast, the products of metal iondependent, catalytic processing of precursor tRNA by Ml RNA are 5' phosphate and 3' hydroxyl groups (1). We found no free hydroxyl groups at the 3' termini of the fragments produced as a result of the specific cleavage of Ml RNA induced by Mg2' at pH 9.5. This result was inferred from our inability to label, with [32P] Table 1 ). We found first that certain metal ions, previously reported (2-4) to act as enhancers of the ability of Mg2' to act as a cofactor, can themselves act as cofactors at 10 mM for the catalytic activity of Ml RNA (Fig.  1) . Ca2+ can act as a cofactor for Ml RNA with pTyr or pPhe.
Sr2' and Ba2' can also promote processing when pPhe is the substrate. pPhe is processed in the presence of Sr2' much more efficiently than is pTyr. Mn2 , previously shown to act as a cofactor (2, 3, 14) , promotes processing as well as does Mg2' at pH 7.5 in the absence of 10o ethanol, but does not function as a cofactor at pH 9.5 (Fig. 1B) . The presence of 0.1 mM Mg2' does not affect the rate of the processing promoted by Mn2' and Ca2' but accelerates the processing by Sr2' and
etal Ion Inhibitors. Zn2+, Co2+, and Ni2+ ions, at 10 mM, completely suppress the activity of Ml RNA in the presence of 60 mM Mg2+ regardless of their addition to reaction mixtures before or after Mg2+ ions (3). In more detailed experiments we found that, at pH 7.5, various metal ions (at the concentrations listed below) can completely inhibit the processing of pTyr by Ml RNA in the presence of 10 mM Mg2+:Eu3+ at 0.1 mM; Zn2+, Cu2+, and Be2+ at 0.3 mM; Co2+ at 3 mM; and Cd2+ at 5 mM. At pH 9.5, only Cu2+ or Co2+ ions at 1 mM are effective as inhibitors (data not shown); Eu3+, Zn2+, Be2+, and Cd2+ ions form insoluble hydroxides under these conditions. At pH 7.5, Ni2+ and Fe2+ at 0.01 mM and Pb2+ at 0.3 mM do not suppress catalytic processing of pTyr, but at higher concentrations of these ions we observed precipitation (Ni2+, Fe2+) or rapid nonspecific degradation (Pb2+) of pTyr.
Cleavage of Ml RNA Induced by Metal Ions Other Than Mg2". Some metal ions that can substitute for Mg2+ ions as cofactors, or that serve as inhibitors of the enzymatic reaction in the presence of Mg2+, do indeed cleave Ml RNA in a specific manner similar to that observed with Mg2+ (Fig.  2B ). These data are summarized in Table 1 . Note that Mn2 , during incubations for <20 min, induces patterns of specific cleavages very similar to those induced by Mg2+, but longer periods of incubation cause nonspecific cleavages (data not shown). Cu2+ and Fe2+ are found as contaminants in our buffers at concentrations below 1 ,M. Addition of these ions (1 ,uM) separately does not lead to cleavage of Ml RNA nor does it affect the cleavage by Mg2+. The presence of 10% ethanol does not change the rate or specificity of the cleavage of Ml RNA induced by any of the metal ions tested. Cleavage of pTyr Induced by Metal Ions. In control experiments, in the absence of Ml RNA, we found that both kinds of metal ion-namely, cofactors and inhibitors (at the concentrations found to promote or suppress, respectively, catalytic processing)-induce efficient site-specific cleavage of pTyr between nucleotides -2 and -3, close to the normal site of processing (see Fig. 3B ; cleavages at other positions occur at comparatively lower rates). At pH 9.5 the relative rates of cleavage induced by cofactors increase in the fol- (Fig. 2B) . We found that a mutant form of Ml RNA, with a deletion of nucleotides (Fig. 3A) , can be specifically cleaved by Cu2+ or Ca2+ (at pH 9.5) and by Zn2+ or Eu3+ (at pH 7.5) at a site that corresponds to site III in Ml RNA (Fig. 2B ). Ba2+ promotes specific cleavages at three new sites, whereas Mg2+ does not induce any significant site-specific cleavage of the mutant form of Ml RNA. Note that sites I and II of wild-type Ml RNA are missing from this molecule (Fig. 3A) .
P RNA can be cleaved as efficiently as Ml RNA in the presence of Mg2+, Ca2+, or Ba2+ (Fig. 2B) (Fig. 2C) . At pH 7.5 Zn2+ and Eu3+ induce predominantly nonspecific cleavages of P RNA. We did not find any significant site-specific cleavage of Hi RNA under similar conditions. DISCUSSION To determine the location of the phosphates that participate in the specific binding of functionally significant Mg2+ ions in Ml RNA, we combined two methods that had been employed previously for analysis of Mg2"-requiring protein enzymes (18) and of tRNAs: metal-ion substitution and induction of cleavage by metal ions (8-13, 19-21 ). The basis of this approach is the ability of some metal ions to catalyze the cleavage of RNA at or close to the sites of tight binding. The efficiency of such cleavage depends on the nature ofthe metal ion and the structure of the ion-binding center in the RNA, namely, the distance and spatial relationship between the metal ion and the internucleotide bond, as well as ability of the bond to change its conformation during the cleavage reaction. A less favorable conformational state of the RNA molecule could be responsible for low efficiency of cleavage by metal ions (9, 12, 13) , and thus some metal ion-binding centers might go unnoticed.
Metal Ions as Cofactors in the Processing Reaction. Mg2' at 10 mM supports a low level of processing of precursors to different tRNAs by Ml RNA or by P RNA under approximately physiological conditions (see Fig. 1 ). The rate of the processing reaction catalyzed by Ml RNA at pH 7.5 in 10 mM Mg2+ is about 1% of that in 100 mM Mg2+ (1, 3) . At pH 9.5, the rate in 10 mM Mg2e is 'lo of that in 100 mM Mg2+. At pH 9.5 and/or in 10%o ethanol, conditions that tend to denature polynucleotides somewhat (2, 22) , the processing of precursor tRNAs occurs in the presence of Ca2E or even Sr2' or Ba2+, at 10 mM. Of course, under physiological conditions, the structure of the catalytic center and the metal ion-binding site is such that only Mg2+ is efficacious as a cofactor. (Fig.  2A) . This phenomenon might be connected with the formation of a dimer of Ml RNA, which was suggested earlier (3) to be the true catalytic form of Ml RNA. The addition of excess pTyr inhibits the cleavage of Ml RNA at sites III-V. These effects can be explained in terms of enhanced accessibility of these sites (see Fig. 3A ) in Ml RNA and their interactions with pTyr in the enzyme-substrate complex.
No new information regarding sites of metal ion-induced specific cleavage of Ml RNA was revealed under redox conditions (11, 17) .
Comparative Studies. A deletion mutant of Ml RNA in which sites I and II are absent (see AMl RNA, Figs. 2B and 3A) still retains catalytic activity when assayed in the presence of C5, the protein subunit of RNase P, but it shows no activity alone (24) . This result indicates that only sites III-V can be essential for catalytic action. Consistent with this notion is the fact that sites III and V (but not IV) in M1 RNA are found (Fig. 3A) within a phylogenetically conserved structural feature (16) . Furthermore, P RNA also is cleaved by metal ions in the region that corresponds to sites I and III.
If we construct a wire model of Ml RNA (the only constraint used in construction of the model is that RNA helices assume the A conformation; S.A. and J.-P. Perreault, unpublished data), it becomes apparent that sites III and V can be in close proximity to other sites in Mi RNA that crosslink to a position close to both the site of cleavage by metal ions and the sites of processing by RNase P in the substrate. We propose, therefore, that the internal loop that contains sites III and V is involved in maintaining the structure of the catalytic center and/or in the mechanism of catalysis itself. It is not clear whether, in Mi RNA, site IV can also participate in the same binding site as do sites III and V.
Although the loss of enzymatic activity under various reaction conditions can be correlated with the absence of cleavage by metal ions at site I, it appears that site I may be involved in maximizing the initial binding by the substrate rather than in catalysis itself. Cu2+-and Zn2+-specific cleavages of both Mi RNA and the deletion mutant of Mi RNA within the same sequences, which correspond to site III, demonstrate that sites I and III are parts of different cationbinding centers.
Human HI RNA probably does not bind Mg2' ions tightly enough under our conditions to allow the cation-induced specific cleavage. This observation may also explain why Hi RNA does not exhibit catalytic activity by itself in vitro (25) .
Induction by Metal Ions of Cleavage of Precursor tRNAs, At pH 9.5 we observed weak but specific cleavage of pTyr between nucleotides -2 and -3 (data not shown). This site-specific cleavage of pTyr was induced by all the metal ions tested-those which are cofactors at pH 9.5, as well as by several inhibitors (Eu3+, Zn2+, and Cu2+) in the presence of Mg2' at pH 7.5. This result implies the presence of a metal ion-binding center in the substrate, close to the site of processing by Mi RNA. Processing by Ml RNA itself is not, however, merely an accelerated version of Mg2+-induced specific cleavage. However, a similarity in two such processes has been observed in analysis of the site-specific hydrolysis of a cyclized derivative of a group I intron (22) .
Mechanism of Catalysis. A previous paper proposed a model (3) for the reaction governed by Mi RNA in which a Mg2+-H20 complex played an important role in an SN2 in-line displacement reaction. However, recent results related to the importance of complexes that contain more than one metal ion in phosphate hydrolysis by protein metalloenzymes (26, 27) and suggestions about the involvement of metal ions in the mechanism of action of some other RNA nucleases (28, 29) , as well as our own results regarding specific binding sites for metal ions in Mi RNA and its substrates, led us to consider whether two metal ions might participate in the mechanism of catalysis by Ml RNA. In the alternative model, in the enzyme-substrate complex two divalent metal ions (Mg2+, under physiological conditions) are specifically chelated by two metal ion-binding centers and are positioned adjacent to the same scissile phosphodiester bond. The phosphate group adjacent to these cations, in association with two oxygen atoms with delocalized negative charge, would become considerably more electrophilic than other phosphates and would be a prime target for nucleophilic attack. This modification of the proposed mechanism is speculative and, at the present time, there is no direct chemical or crystallographic evidence to indicate that two metal ions, rather than one, are involved in catalysis by Mi RNA.
